Background-Acute and chronic use of non-steroidal anti-inflammatory drugs can increase intestinal permeability. Rofecoxib, which selectively inhibits cyclooxygenase 2 (COX-2), is a novel antiinflammatory drug with the potential to produce minimal gastrointestinal toxic eVects while retaining clinical eYcacy. Aims-To assess the potential for rofecoxib to aVect the intestine adversely, in comparison with placebo and indomethacin.
Non-steroidal anti-inflammatory drugs (NSAIDs) are eVective in treating a variety of inflammatory diseases but frequently produce untoward reactions, particularly in the gastrointestinal tract.
1 While gastropathy (for example, upper gastrointestinal bleeding, ulcer, and perforation) represents the most common serious and life threatening complication of NSAID therapy, damage to the intestinal mucosa also occurs during long term NSAID treatment. Indeed, as many as 70% of patients receiving long term NSAID therapy develop asymptomatic small intestinal inflammation, which may subsequently lead to blood and protein loss, ileal dysfunction, and the development of circumferential, diaphragmatic small intestinal strictures. [2] [3] [4] [5] [6] A prerequisite for the development of NSAID associated small intestinal inflammation is believed to involve an increase in intestinal permeability, as evidenced by enhanced permeation of chromium-51 labelled ethylene diamine tetraacetate ( 51 CrEDTA). 7 Increased intestinal permeability induced by NSAIDs may expose the mucosa to endogenous and exogenous luminal toxins, ultimately allowing bacterial invasion of the intestinal mucosa and development of a local inflammatory response. 8 9 The propensity of NSAIDs to increase intestinal permeability may be linked to the ability to deplete endogenous intestinal mucosal prostaglandins and/or interfere with mitochondrial energy metabolism. 10 The latter assertion is supported by animal experiments 11 while the former is supported by the findings that the magnitude of enhanced intestinal permeability produced by NSAIDs is quantitatively related to their potency in inhibiting cyclooxygenase and that changes in intestinal permeability induced by NSAIDs can be attenuated by coadministration of the prostaglandin analogue misoprostol in humans. 12 13 Cyclooxygenase 1 (COX-1) and 2 (COX-2) are key enzymes involved in prostaglandin synthesis in humans.
1 COX-1, a constitutively expressed enzyme present in most cells and tissues throughout the body, is responsible for generating prostaglandins involved in various physiological functions, including gastrointestinal mucosal protection.
14 In contrast, the COX-2 isoform is rapidly induced at sites of inflammation and generates prostaglandins that mediate local inflammation and pain. 15 The deleterious eVects of NSAIDs in the gastrointestinal tract are believed to occur primarily as a result of blockade of COX-1 activity, whereas the anti-inflammatory eVects of NSAIDs are mediated through inhibition of COX-2. 16 Recently, compounds have been developed that are highly selective COX-2 inhibitors with little or no eVect on COX-1 (coxibs, such as rofecoxib). Rofecoxib has been shown to be clinically eVective in treating osteoarthritis at doses of 12.5-25 mg daily. 17 18 Rofecoxib has also been shown to inhibit COX-2 selectively in vitro 19 20 ; in human whole blood, it did not inhibit thromboxane B 2 (a measure of COX-1 activity) at doses up to 1000 mg/day. 21 Since rofecoxib is non-acidic and has no significant eVect on prostaglandin synthesis in human gastric biopsies at therapeutic doses, 22 this anti-inflammatory agent may have greatly reduced potential to produce gastrointestinal toxic eVects. 23 24 To gain insight into the potential for rofecoxib to aVect the intestine, we compared the eVects of rofecoxib, indomethacin (a non-selective inhibitor of cyclooxygenase), and placebo on the permeability of the intestine after seven days of treatment in healthy subjects in a double blind crossover study.
Subjects and methods
This double blind, four period crossover study compared the eVects of seven days of treatment with rofecoxib (25 or 50 mg once daily), indomethacin (50 mg three times daily), or placebo on intestinal permeability, as assessed by diVerential five hour urinary excretion of 51 CrEDTA/L-rhamnose, in a total of 39 healthy subjects. Included in the trial were male and female subjects, aged 18-39 years, who were within 20% of ideal body weight based on the Metropolitan Life Height and Weight Tables. Female subjects of childbearing potential were required to have a negative pregnancy test, as assessed by measuring serum human chorionic gonadotropin ( -HCG) levels, and to use double barrier birth control methods beginning one week before and continuing for at least two weeks after the study. Subjects were excluded if they had a history of peptic ulcers, gastro-oesophageal reflux disease, inflammatory bowel disease, irritable bowel syndrome, pancreatic or biliary disorders, or other significant gastrointestinal disease, a history of gastrointestinal surgery (other than appendicectomy or inguinal hernia repair), or a history of frequent use (>2 twice a month) of antacids, H 2 receptor antagonists, or proton pump inhibitors. Subjects were also excluded if they had participated in an investigational study within four months prior to study entry, had a positive faecal occult blood screening test, significant abnormalities on haematological or biochemical screening, or had known significant medical conditions such as heart disease, blood dyscrasias or coagulopathy, neurological disease, hepatic/renal dysfunction, active malignant disease, hypertension, or diabetes. In addition, subjects were excluded if they were drug or alcohol dependent or allergic or intolerant to diclofenac, indomethacin, aspirin, or other non-selective inhibitors of cyclooxygenase. The use of prescription or nonprescription preparations containing aspirin or NSAIDs (including over the counter drugs) was prohibited within two weeks prior to study entry and during the study. The study was approved by the institutional review board of King's College School of Medicine and all subjects were required to give written informed consent before participating in the study.
STUDY DESIGN
At an initial screening visit, subjects underwent a complete medical history, routine laboratory evaluation, faecal occult blood testing, and pregnancy testing (serum -HCG levels) for female subjects. Subjects were asked to abstain completely from alcoholic beverages, spicy foods, and smoking for seven days before and during the study and were instructed to discontinue any prior prescription and nonprescription medications (including over the counter preparations) containing any NSAIDs and/or antisecretory or cytoprotective drug therapies.
Approximately one week after screening, eligible subjects underwent a baseline evaluation of intestinal permeability (see below). A total of 39 subjects were randomised to receive one of four treatment regimens for seven days: placebo; rofecoxib 25 mg once daily in the morning; rofecoxib 50 mg once daily in the morning; or indomethacin 50 mg (two 25 mg tablets) three times daily. Each subject received all four seven day treatment regimens in a predefined balanced sequence and each treatment regimen was separated by a washout period of 7-10 days. Study medication was dispensed in individually marked boxes (three boxes per treatment period) containing a seven day supply of study drugs. During the study, subjects completed diaries to record compliance with study medication. After the initial dose of study medication, subjects were reminded by electronic pager to take subsequent doses throughout the entire treatment period. Subjects who discontinued prior to completion of the protocol were replaced with subjects assigned to the same treatment order to preserve statistical balance.
MEASUREMENT OF INTESTINAL PERMEABILITY
Intestinal permeability was determined by measuring urinary recovery of 51 CrEDTA (a marker of intercellular permeation) and L-rhamnose (a marker of non-carrier mediated transcellular permeation). 8 The urinary excretion ratio of 51 CrEDTA/L-rhamnose was chosen as the primary index of intestinal permeability because the diVerential excretion ratio of these agents is largely unaVected by premucosal and postmucosal factors. 25 We chose 51 CrEDTA rather than lactulose as a paracellular marker in this study to maximise the sensitivity of the small intestinal permeability test.
Previous studies have shown that diVerential urinary excretion of 51 CrEDTA/L-rhamnose is more sensitive than lactulose/L-rhamnose (when administered as an iso-osmolar test solution) in patients with coeliac disease 26 or taking NSAIDs. 8 Intestinal permeability was measured before treatment in each of the four treatment periods and on day 7 at the conclusion of each treatment period. For each permeability measurement, fasting subjects drank a test solution (100 ml) containing 51 CrEDTA (30 µCi, Amersham International, Amersham, UK), L-rhamnose (1.0 g), and D-xylose (0.5 g) one hour after consuming the study medication (except at baseline when no study medication was taken). The radiation dose received from a 30 mCi dose of 51 CrEDTA taken orally is less than 0.04 millisieverts (eVective dose equivalent). D-Xylose (0.5 g) was included in the test solution as a marker of intestinal absorption, as some, 27 28 but not all, 12 studies have suggested that NSAIDs impair absorption. Urine samples were subsequently collected over the next five hours, during which subjects continued fasting for the first two hours. Urine was collected in a bottle containing 1 ml (10% w/v) of sodium ethylmercurithiosalicylate (thiomersal, Sigma Chemical Co., St Louis, Missouri, USA) as a preservative. Urine volume was measured on completion of the test, and a 5 ml sample was removed for measurement of radioactivity using an LKB 1281 gamma counter. Urinary concentrations of L-rhamnose and D-xylose were determined using a modified thin layer chromatographic technique which involved scanning densitometry with an arabinose internal standard to overcome errors of application, as described previously. 29 The percentage of the 51 CrEDTA and L-rhamnose dose was determined in each urine sample, from which the ratio of the percentage excreted 51 CrEDTA/ L-rhamnose was calculated.
TOLERABILITY ASSESSMENTS
Adverse experiences were monitored throughout the study and were defined as any unfavourable or unintended change in structure, function, or chemistry of the body, or a worsening of a pre-existing condition. Investigators evaluated all clinical adverse experiences in terms of intensity (mild, moderate, or severe), duration, seriousness, outcome, and relation to test drugs.
STATISTICAL ANALYSIS
Data obtained from a previously published study 8 indicated that the 51 CrEDTA/ L-rhamnose ratio is log normally distributed. Therefore, between treatment comparisons were made by computing the geometric mean ratio of 51 CrEDTA/L-rhamnose values. Based on pre-and post-treatment data from this study, 8 a limit for comparability to placebo was prespecified; rofecoxib would be considered equivalent to placebo if the between treatment ratio of the 51 CrEDTA/L-rhamnose values was <1.37. The sample size was chosen to provide 95% power to prove that the upper limit of a 95% two sided confidence interval was below this value. The primary statistical analysis was based on a per protocol assessment of data. However, if a subject completed periods 1 and 2 and then discontinued the study, the subject was still included in the analysis, even though the subject failed to complete the entire study.
Analysis of covariance suitable for a four period crossover design (with treatment, period, subject, carryover, and log baseline as covariate factors) was used to analyse diVerences in the log of 51 CrEDTA/L-rhamnose ratio on day 7 compared with baseline values and to assess the statistical significance of diVerences in the log of 51 CrEDTA/L-rhamnose ratio among the four study groups.
Results

STUDY POPULATION AT ENTRY
A total of 39 subjects were enrolled in the study. Mean age was 28 years (range 18-39 years) and 54% were male. Subjects were assigned to one of four treatment sequence groups and received, in a predefined balanced sequence (for first order carryover eVect), the four study drugs (placebo, rofecoxib 25 mg, rofecoxib 50 mg, and indomethacin 150 mg). The treatment sequence groups were well matched with respect to baseline characteristics, including age, sex, race, caVeine use, secondary diagnoses, prior medication use, and baseline intestinal permeability. All subjects had a negative faecal occult blood test. Nine subjects violated the study protocol by consuming alcohol and were therefore excluded from the per protocol analysis (alcohol may aVect intestinal permeability). In addition, isolated visits from five other subjects were also excluded because of protocol violations; all decisions regarding protocol violations were made before unblinding the treatment code. Three subjects discontinued prior to study completion of all four treatment groups; one subject developed an adverse experience during treatment. At the time of discontinuation, one subject was taking placebo, and the other two subjects discontinued during a washout period following rofecoxib 50 mg. A comparison of the eVects of the four study drugs on intestinal permeability (per protocol) was made on the following numbers of patients: 29 in the placebo group, 29 in the rofecoxib 25 mg group, 27 in the rofecoxib 50 mg group, and 26 in the indomethacin 150 mg group. CrEDTA/L-rhamnose averaged 0.97, 0.80, 0.98, and 1.53 for placebo, rofecoxib 25 mg, rofecoxib 50 mg, and indomethacin 150 mg groups, respectively. Analysis of intent to treat data, which included all patients enrolled in the study, revealed similar findings to those seen with the per protocol analysis.
Comparison of day 7 to baseline ratios for 51 CrEDTA/L-rhamnnose revealed no significant diVerences between placebo and either the rofecoxib 25 mg or rofecoxib 50 mg groups (table 1); the upper limit on the 95% confidence interval was <1.37, the prespecified definition of clinical equivalence. In contrast, day 7 to baseline ratio for 51 CrEDTA/ L-rhamnnose was significantly higher in subjects who received indomethacin compared with either the placebo or rofecoxib groups (p<0.001).
Absorption of D-xylose was not significantly diVerent between the four treatment groups (p=0.382). Day 7 to baseline mean ratios for urinary excretion of D-xylose were 0.95, 1.05, 0.99, and 0.87 for placebo, rofecoxib 25 mg, rofecoxib 50 mg, and indomethacin 150 mg groups, respectively. None of these ratios was significantly diVerent from 1.0 (data not shown).
SAFETY
No serious clinical or laboratory adverse experiences occurred during the study. Non-serious adverse eVects were reported more often in subjects receiving indomethacin 150 mg (83.3%) than in subjects who received placebo, rofecoxib 25 mg, or rofecoxib 50 mg (53.8%, 64.1%, and 60.5%, respectively). Overall, the incidence of clinical adverse experiences was similar across treatment groups except for dizziness and headache which were reported more often in indomethacin treated subjects than in placebo or rofecoxib treated subjects. Analysis of the occurrence of predefined NSAID-type gastrointestinal symptoms (acid reflux, dyspepsia, epigastric discomfort, heartburn, nausea, and vomiting) showed that overall, gastrointestinal symptoms occurred most frequently with indomethacin treatment (30.6%), had a similar frequency in the rofecoxib 50 mg and placebo groups (18.4% and 12.8%, respectively), and were least frequent in the rofecoxib 25 mg group (5.1%). One subject discontinued the study due to an adverse event which occurred during treatment with placebo (angioedema). Two subjects discontinued because of adverse events during washout periods (one due to pyelonephritis, one due to upper respiratory infection with fever, abdominal pain, and diarrhoea). None of the reported adverse experiences necessitated unblinding of treatment.
Discussion
This double blind, four period crossover study in healthy subjects showed that intestinal permeability (as assessed by five hour 51 CrEDTA/L-rhamnnose urinary excretion ratio) after seven days of treatment with the highly selective COX-2 inhibitor rofecoxib (25 mg or 50 mg daily) was not significantly diVerent from that observed in subjects receiving placebo. In contrast, seven day administration of indomethacin significantly increased intestinal permeability compared with both placebo and rofecoxib (25 or 50 mg); prespecified criteria for equivalence to placebo were satisfied. As increased intestinal permeability is considered to be a prerequisite for development of NSAID induced enteropathy, these findings suggest that rofecoxib may, in the long term, be superior to NSAIDs with respect to the development of intestinal complications typically associated with non-selective inhibitors of cyclooxygenase. The lack of eVect of rofecoxib on intestinal permeability in this study is consistent with the findings of previous clinical studies showing little or no gastrointestinal toxicity associated with rofecoxib therapy. For example, a recent double blind study in healthy subjects demonstrated that gastrointestinal microbleeding (measured using 51 Cr labelled red blood cells) during rofecoxib therapy (25 or 50 mg daily) was statistically equivalent to that seen during placebo treatment and was significantly less than in subjects treated with ibuprofen (2400 mg daily). 24 Similarly, at doses at least twice those required for clinical eYcacy in treating osteoarthritis, rofecoxib caused significantly less gastroduodenal ulceration detected by endoscopy than ibuprofen and was again comparable with placebo in terms of gastroduodenal toxicity. 30 Even at daily doses as high as 250 mg, corresponding to 20 times the dose demonstrated to relieve symptoms of osteoarthritis, rofecoxib produced markedly less endoscopic evidence of gastroduodenal injury than ibuprofen 800 mg three times daily or aspirin 650 mg four times daily and was similar to placebo. 31 Collectively, these studies indicate that rofecoxib, which selectively inhibits COX-2, has the potential to combine antiinflammatory eYcacy with an improved gastrointestinal safety profile.
NSAIDs have been shown previously to increase intestinal permeability. 32 Indomethacin was chosen as the NSAID comparator for this study as it is the most widely used NSAID for this type of study, and it is known to disrupt the integrity of the intestinal mucosa rapidly and reversibly on discontinuation of drug intake. The mechanism of indomethacin induced increased intestinal permeability is controversial and may involve an eVect on mitochondria, which is dependent on the drug being acidic and/or its eVect in decreasing mucosal prostaglandins. 13 33 Whatever the precise mechanism, the data suggest that the NSAID induced increase in diVerential urinary excretion of 51CrEDTA/L-rhamnose represents damage to intercellular junctions, a prerequisite for NSAID induced enteropathy. 9 10 A further consideration is whether it is valid to extrapolate data from young healthy volunteers, who did not have a history of gastrointestinal disturbances, to the elderly population who may use rofecoxib. Although limited information from previous studies has not shown any diVerence between the prevalence or magnitude of increased intestinal permeability or the inflammatory changes due to NSAIDs among young and old patients or volunteers, 34 longer term studies focused on elderly patients or those with specific risk factors may be useful in the future to define intestinal permeability more precisely in these subpopulations of NSAID users.
The dose of indomethacin used (50 mg three times daily) is frequently prescribed to treat anti-inflammatory conditions such as osteoarthritis and rheumatoid arthritis. The doses of rofecoxib chosen to assess the potential of this highly selective COX-2 inhibitor to increase intestinal permeability were 2-4 times the doses that relieved the symptoms of osteoarthritis. 17 In keeping with previous studies, indomethacin increased intestinal permeability significantly. However, rofecoxib had no eVect on intestinal permeability. This is consistent with the non-acidic nature of rofecoxib and its metabolites as well as the fact that it does not aVect intestinal prostanoid metabolism or levels in humans or in experimental animals at much higher doses.
Rofecoxib was generally well tolerated after seven days of treatment and was not associated with any serious adverse eVects. The incidences of adverse clinical and laboratory events observed with rofecoxib 25 mg or rofecoxib 50 mg doses were similar to those reported in the placebo group. The incidence of selected gastrointestinal adverse experiences commonly associated with NSAID therapy (for example, acid reflux, dyspepsia, epigastric discomfort, heartburn, nausea, and vomiting) was highest in the indomethacin group, similar between the rofecoxib 50 mg and placebo groups, and lowest in the rofecoxib 25 mg group.
The absence of a significant eVect of rofecoxib on intestinal permeability, which is generally considered to represent a prerequisite step in the development of NSAID induced enteropathy, is consistent with previous studies showing little or no gastrointestinal injury associated with rofecoxib therapy. This study was funded by a grant from Merck & Co., Inc., the manufacturers of rofecoxib. T Simon, M Hoover, H Quan, and J Bolognese are employees of Merck.
